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Abstract

Ground-penetrating radar (GPR) reflection travel time data were used to estimate changes in soil water content under a range of

soil saturation conditions throughout the growing season at a California winery. Data were collected during three data acquisition

campaigns over an 80 by 180 m area using 100 MHz surface GPR antennas. GPR reflections were associated with a thin, low

permeability clay layer located 0.8–1.3 m below the ground surface that was identified from borehole information and mapped

across the study area. Field infiltration tests and neutron probe logs suggest that the thin clay layer inhibited vertical water flow,

and was coincident with high volumetric water content (VWC) values. The GPR reflection two-way travel time and the depth of

the reflector at the borehole locations were used to calculate an average dielectric constant for soils above the reflector. A site-

specific relationship between the dielectric constant and VWC was then used to estimate the depth-averaged VWC of the soils

above the reflector. Compared to average VWC measurements from calibrated neutron probe logs over the same depth interval,

the average VWC estimates obtained from GPR reflections had an RMS error of 0.018 m3 mK3. These results suggested that the

two-way travel time to a GPR reflection associated with a geological surface could be used under natural conditions to obtain

estimates of average water content when borehole control is available and the reflection strength is sufficient. The GPR reflection

method therefore, has potential for monitoring soil water content over large areas and under variable hydrological conditions.

q 2004 Published by Elsevier B.V.
Keywords: Soil moisture; GPR; Reflection; Irrigation; Precision agriculture
0022-1694/$ - see front matter q 2004 Published by Elsevier B.V.

doi:10.1016/j.jhydrol.2004.10.014

* Corresponding author. Tel.: C1 510 486 5266; fax: C1 510 486

5686.

E-mail address: sshubbard@lbl.gov (S.S. Hubbard).
1 Present Address: Department of Earth Sciences, University of

Leeds, Leeds, West Yorkshire LS2 9JT, UK.
1. Introduction

Soil moisture content information is needed for

studies across a variety of disciplines, such as

hydrology, soil science, ecology, meteorology and

agronomy. The accuracy and resolution of soil

moisture estimates depends on the particular appli-

cation and associated spatial scale of interest. For

example, monitoring the spatial variability of soil
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moisture content with sub-meter resolution over time

is important for effective agricultural irrigation,

particularly in water-deprived regions with high

value crops, such as premium winegrapes. As wine-

grape quality is strongly linked to available water and

associated soil texture (Jackson, 2000), precision

monitoring of soil water content within a vineyard

could lead to increased agricultural competitiveness as

well as increased water use efficiency.

Variations in soil texture, topography, crop cover

and irrigation practices result in large spatial and

temporal variability in soil moisture (Western and

Grayson, 1998; Huisman et al., 2002; Grote et al.,

2003). For example, Western and Grayson (1998)

reported that volumetric water content (VWC)

associated with the uppermost 0.3 m of the subsurface

varied by more than 0.15 m3 mK3 over tens of meters

under wet conditions. Similarly, Huisman et al. (2002)

found that soil water variations up to 0.06 m3 mK3

could be detected at distances larger than 5 m.

Although the spatial variability of VWC may be

characterized using large numbers of closely spaced

conventional measurements, this is generally too

time-consuming (Western and Grayson, 1998), and

may disturb the soil structure, prohibiting accurate in

situ VWC measurements. Airborne imagery can also

be used to estimate soil moisture content with meter-

scale resolution (e.g. Johnson et al., 2000), but only to

a depth of 0.05 m in non-leafy vegetated areas, which

is not appropriate in agricultural sites. Rapid and

reliable methods of measuring shallow soil moisture

content over time and with sufficient spatial density

are not readily available. Conventional VWC

measurement methods at these small scales include

gravimetric, frequency- and time-domain reflectome-

try (FDR and TDR), neutron probe and capacitance

probe techniques. These methods are invasive and

provide only limited spatial coverage. Below, we

describe three of these conventional techniques for

estimating VWC, which are used in our study,

followed by a discussion of GPR methods for

estimating VWC.

Gravimetric sampling involves extraction of small

diameter cores, which are weighed, dried for 24 h at

105 8C according to ASTM D2216, and re-weighed to

determine the mass of water in the original sample.

The gravimetric water content (GWC) is calculated by

dividing the mass of water by the mass of dry soil.
VWC is defined as the ratio of the volume of free

water in a soil per unit sample volume, and is related

to GWC by (Gardner, 1986):

VWC Z GWCrd (1)

where rd is the bulk soil density. Although the

gravimetric method is simple and accurate, it is time

consuming, invasive and labor intensive.

The TDR technique measures the effective dielec-

tric permittivity of the soil over probe length (0.08–

2.5 m) (Ferre et al., 1998). The dielectric permittivity

of the soil, averaged over the length of the probe, can

then be converted to VWC using a site-specific

empirical or semi-theoretical equation. TDR probes

provide shallow VWC estimation at point locations,

and may suffer errors due to air gaps between the soil

and the TDR probes (Sakaki et al., 1998; Ferre et al.,

1998), or uncertainty in the automatic travel-time

measuring technique used by the instrument (Evett,

2000).

The neutron probe log is a borehole technique that

can provide one-dimensional measurements of water

content to depths of many meters at a single location.

The instrument detects the number of backscattered

neutron particles in the soil surrounding the borehole,

which is proportional to the number of hydrogen ions

within the sample volume (Greacen et al., 1981).

Hydrogen ions in agricultural soils are present in the

form of free water and constituent water. Free water is

located in pore spaces between soil particles, and

constituent water is the water that occurs within

hydrous clay minerals. Greacen et al. (1981) provided

calibration equations for loamy soils that can used to

estimate VWCconstit from the weight percent clay

content measured from soil samples

VWCconstit Z rdð0:124 ðwt% clayÞC0:015Þ (2)

The number of backscattered neutron particles may

then be calibrated to the total VWC of the soil. As GPR

methods primarily detect free water in soils (Knoll,

1996), in our study, the constituent water contribution

is removed in order to convert neutron probe counts to

free VWC. The measurement volume of the neutron

probe varies with the source and wellbore casing

employed as well as with the soil texture and moisture

(Keys, 1989), and is approximately a sphere with a

radius of 0.3 m (Gardner, 1986). As such, the neutron



Fig. 1. Schematic diagram showing the GPR antennae and travel

path of airwave, groundwave and reflected energy. Antenna

separation and reflection depth are used in the calculation of radar

wave velocity.
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probe counts measured near the ground surface are

influenced by the air-ground interface and are unreli-

able. The large sample radius of the neutron probe can

also lead to smoothing of sharp changes in the true soil

water profile.

Evett (2000) compared the accuracy of the neutron

probe, capacitance probe and TDR measurements of

VWC at an agricultural test site. The most accurate of

these conventional VWC measurement techniques at

depth was found to be the neutron probe (RMS

errorZ0.009–0.02 m3 mK3). The capacitance probe

was reported to have an RMS error of around

0.03 m3 mK3 (Evett and Steiner, 1995; Van Over-

meeren et al., 1997). Although the error associated

with these conventional techniques is acceptable for

most applications, the greatest limitation of these

techniques is that they sample VWC at a single

location only and are not capable of capturing

information about field-scale moisture content varia-

bility with good spatial resolution and without

disturbing the soil. Although a combination of these

techniques may be used to estimate the spatial

variability of near surface VWC over small areas,

any one of these methods is insufficient on its own.

As recently summarized by Huisman et al. (2003),

a variety of ground-penetrating radar (GPR) methods

have been used to estimate VWC. In GPR studies, the

travel time associated with an electromagnetic wave

traveling between a radar transmitter and receiver is

measured and used to estimate the dielectric permit-

tivity of the soil. Using a site-specific or general

empirical relationship (i.e. Topp et al., 1980; Herkel-

rath et al., 1991) the dielectric permittivity estimates

can be converted to VWC estimates. VWC estimates

have been obtained using GPR cross-borehole,

groundwave and reflection methods. Cross-borehole

radar tomography uses the travel time of the radar

wave between points of known location to generate a

two-dimensional velocity image between the bore-

holes, which can then be converted to dielectric

permittivity and VWC estimates (Hubbard et al.,

1997; Binley et al., 2001; Peterson, 2001; Alumbaugh

et al., 2002). Alumbaugh et al. (2002) showed that

VWC estimates obtained from cross-hole GPR have

an RMS error of 0.03 m3 mK3, when compared with

neutron probe estimates of VWC. Cross-borehole

surveys are useful in that they can provide a two-

dimensional image of VWC up to depths of many
meters. However, their maximum lateral extent is

generally less than 10 m, making them mostly useful

for small-scale investigations.

GPR groundwave data have been used for accurate

estimation of soil water content of the shallow soil at

decimeter horizontal resolution (Du and Rummel,

1996; Huisman et al., 2001, 2002, 2003; Hubbard

et al., 2002; Grote et al., 2003). As shown in Fig. 1, the

transmitted electromagnetic groundwave energy

passes directly through the soil to the receiving

antenna with a velocity determined by the dielectric

permittivity of the soil. VWC was estimated using the

groundwave method with a RMS error of 0.011–

0.017 m3 mK3 for 900 and 450 MHz antennas,

respectively (Grote et al., 2003), and 0.024 m3 mK3

for 225 MHz antennas by Huisman et al. (2001). The

depth of influence is a function of soil type and GPR

antenna frequency, and was found to be less than

0.2 m in these studies.

Common-mid point (CMP) surveys have also been

used by many investigators (Fisher et al., 1992;

Greaves et al., 1996; Van Overmeeren et al., 1997;

Weiler et al., 1998) to estimate radar wave velocity,

and subsequently VWC. In CMP surveys, the

transmitter and receiver are moved apart at equal

distances from a central location. The travel times of

the airwave and groundwave are successively longer

as the antenna separation increases, and are rep-

resented as dipping reflections with slope equal to the

radar wave velocity. Horizontal reflecting surfaces

occur as hyperbolic reflections on the resulting GPR

plot, the geometry of which can be used to estimate

the radar wave velocity. A non-horizontal reflection

will not give rise to a true hyperbola on the CMP
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profile (Baker, 1998). Analysis of a CMP survey gives

rise to a one-dimensional vertical velocity profile at

the location of the CMP. In general, the time required

to collect CMP data makes this approach prohibitive

for estimation of VWC over large areas and the error

associated with CMP velocity analysis is typically on

the order of 10% (Tillard and Dubois, 1995; Greaves

et al., 1996).

Studies investigating the use of common-offset

GPR reflection data for VWC estimation have been

conducted only under controlled conditions (i.e.

Ulrikson, 1982), where the reflector is artificial and

located at a known depth. GPR reflection profiles are

collected by moving the transmitting and receiving

antennas across the ground surface at a fixed offset, as

shown in Fig. 1, and using the travel time to the

reflection arrivals to determine the average VWC to the

reflector. Grote et al. (2002) used the known depth of

buried metal plates in a constructed sand pit to estimate

water content to within 0.01 m3 mK3 as compared with

gravimetric water content measurements. Stoffregen et

al. (2002) estimated VWC from the travel-time of a

1000 MHz GPR wave reflected from the bottom of a

lysimeter with a standard deviation of 0.01 m3 mK3.

Our study investigates the accuracy of the

common-offset surface GPR reflection method for

mapping spatially variable water content, over space

and time and under naturally heterogeneous con-

ditions at a California winery. Use of reflection data

permits estimation of VWC at the same horizontal

resolution provided by surface GPR groundwave

techniques (Huisman et al., 2002; Hubbard et al.,

2002; Grote et al., 2003), but to greater depths. The

radar wave velocity is related to the VWC of the soil

and thus, changes in the soil moisture content over

time will lead to changes in the two-way travel time

(TWTT) and velocity of reflected radar waves. If the

reflector depth is known (i.e. from borehole data),

GPR reflection TWTT measurements can be used to

estimate the averaged VWC of the soil above the

reflector. If the depth of the reflector can be estimated

(i.e. by interpolation) away from the wellbore

measurements then GPR reflection methods have the

potential to provide VWC estimates over large areas.

Section 2 describes the use of GPR travel time data

for estimating soil water content. Section 3 describes

the details of the field area and methods used in this

study. Section 4 focuses on the results and the accuracy
of the GPR-derived volumetric water content estimates

at the borehole locations under a range of subsurface

moisture conditions.
2. GPR background

GPR is a geophysical technique that uses electro-

magnetic energy with central frequencies generally

between 50 and 1200 MHz to image the subsurface.

Electromagnetic energy propagates from a transmit-

ting antenna, and is modified by subsurface contrasts

in dielectric permittivity (k) and magnetic per-

meability (m). As most soils have negligible variation

in magnetic permeability (Powers, 1997), k has the

most significant impact on the recorded GPR response.

Some of the electromagnetic energy passes directly

from a transmitting to receiving antenna through the

air, and is known as the airwave. Part of the transmitted

energy, known as the groundwave, propogates through

the soil along the ground-air interface to the receiving

antenna, and part of the transmitted energy is reflected

back to the receiving antenna from subsurface

contrasts in dielectric permittivity (Fig. 1).

By knowing the travel path length of the radar

wavefront, the electromagnetic wave velocity can be

estimated from the direct travel time of the ground-

wave or the TWTT of the reflected wave. For low-loss

media (i.e. soils with low salinity and clay content),

the velocity (v) of the soil can be related to the

dielectric constant by

k Z
c

v

� �2

; (3)

where c is the electromagnetic wave velocity in free

space (Davis and Annan, 1989).

GPR reflections are caused primarily by vertical

differences in the dielectric properties of the soil. The

effective dielectric permittivity k of a material that has

many components (i.e. air, water, soil) can be

described using a mixing model

k Z ð1 KhÞ
ffiffiffiffi
ks

p
C ðh KVWCÞ

ffiffiffiffiffi
ka

p
CVWC

ffiffiffiffiffi
kw

p� �2
;

(4)

where h is the soil porosity, VWC is the free soil water

content and ks, ka and kw are the dielectric

permittivities of soil, air and water, respectively

(Roth et al., 1990). In unsaturated soils, variations in
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soil moisture content have the most significant effect

on the subsurface dielectric permittivity. This is

because the dielectric permittivity of water (kw) over

the GPR frequency range is w81, whereas the

dielectric permittivity of air (ka) is 1, and that of

most soils (ks) is between 4 and 7 (Davis and Annan,

1989). Therefore, changes in the volume percentage

of water will dominate changes in the effective

dielectric permittivity of the soil.

In addition to using mixing models, as described in

Eq. (4), estimation of VWC from measurements of k

may also be carried out using petrophysical relation-

ships, such as an empirically derived expression given

by Topp et al. (1980), or a semi-theoretical expression

given by Herkelrath et al. (1991). Once the velocity of

the electromagnetic wave is determined from analysis

of the GPR data, it can be used to estimate the

dielectric constant using (3), and subsequently to

estimate VWC.

The strength of a GPR reflection is a function of the

contrast in k across the reflecting boundary, and is

given by the reflection coefficient (RC)

RC Z
ffiffiffiffiffi
kU

p
K

ffiffiffiffiffi
kL

p

ffiffiffiffiffi
kU

p
C

ffiffiffiffiffi
kL

p ; (5)

where kU is the dielectric permittivity of the upper soil

horizon, and kL is the permittivity of the lower soil

horizon (Davis and Annan, 1989). Given that water

has the highest dielectric permittivity of materials

commonly found in soils, GPR reflections observed in

shallow soils can be caused by vertical contrasts in

soil water content (Tsoflias et al., 1999; Kowalsky

et al., 2001; Martinez and Byrnes, 2001). Changes in

soil texture alone are typically not capable of giving

rise to large reflection coefficients (Van Dam and

Schlager, 2000; Martinez and Byrnes, 2001) but may

be associated with vertical changes in VWC because

of different water retention properties of adjacent soils

(Saxton et al., 1986; Chan and Knight, 2001; Van

Dam et al., 2003).

The thickness of the soil layer relative to the GPR

signal wavelength (l) must also be considered when

using GPR reflection data to estimate VWC. Where

the vertical VWC varies greatly over short distances,

large changes in reflection coefficient may occur over

distances less than the GPR wavelength, causing

constructive and destructive interference of the GPR
response (Van Dam et al., 2003). It is generally

assumed that variations in dielectric constant at

vertical spacings of less than l/4–l/3 will not be

individually resolved (Annan et al., 1991; Huggen-

berger, 1993). However, layers thinner than l/4 have

been resolved on GPR profiles where the reflection

coefficient is large (Clement et al., 1997; Van Dam

et al., 2003). Chan and Knight (2001) proposed two

different methods to determine the depth-averaged

vertical variation in k depending on the ratio of layer

thickness (t) to signal wavelength (l). When t/lO10,

Chan and Knight (2001) suggested that the arithmetic

average of k represented the GPR response, and when

t/l!1, the geometric average of k was more

appropriate. More information about GPR methods

for hydrogeological studies is given by Annan (2005).
3. Study area and methods

3.1. Site description

The study was carried out at the Dehlinger Winery

in Sonoma County, CA. Vineyard soils are composed

of a 1.5–1.8 m thick red, fine-loamy soil (Sebastopol

series) that overlies a buff-colored, clayey soil

(Goldridge series; Miller, 1972). Within our 80 by

180 m study area (Fig. 2), soil textures vary between

sandy loam and clay loam, but are generally

composed of sandy clay loam. Up to 30 wt% gravel

is present in the Sebastopol Series soil, but gravel is

absent in the Goldridge Series soil. Topography varies

by up to 3.5 m over the study area, with the highest

elevations in the north-western corner, as shown by

the dashed lines in Fig. 2. The water table is

approximately 4 m below the ground surface, as

measured in nearby wells. Average air temperatures

vary between 7 8C between November and March and

16 8C for the remainder of the year. Mean annual

precipitation is around 1000 mm, with the majority of

the rain falling between November and March. Vines

are spaced at 2.44 m (8 ft) intervals and are arranged

in rows that are 3.48 m (10 ft) apart: the locations of

grapevines are indicated by the small dots on Fig. 2.

Metal trellises are located at every fourth vine. No

inrow tilling has been performed, and there is no

irrigation system, although an above-trellis spray

system is infrequently used during hot weather.



Fig. 2. Map showing locations of boreholes and GPR profiles

collected adjacent to rows 13 and 17. Individual vines are

represented by dots, and region of low vine vigor is indicated by

solid line. Dashed lines are 0.5 m topographic contours. Elevation

datum is the lowest point in the study area.

Fig. 3. Precipitation data measured in Santa Rosa, 4 miles from the

Dehlinger winery. Arrows indicate timing of data collection

campaigns.
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The crops in our study area are 20-year-old

Chardonnay vines, all of which are derived from the

same rootstock. Vineyard managers monitor the fruit

and pruning weight of the vines every year, and have

identified a region that displays low vine vigor (low

vegetative growth) trending NE–SW across our study

area, as indicated on Fig. 2. This study site was chosen

because we suspected that variations in vine vigor

within areas of identical rootstock might be controlled

by natural heterogeneity in soil texture and associated

VWC. This study focuses on assessing the accuracy of

the GPR reflection method for estimating subsurface

VWC over the depth of the root zone, which is

generally considered to be the upper 1K2 m of the

soil (Jackson, 2000).
3.2. Data acquisition

Three field campaigns were conducted to provide

information about soil moisture conditions during dry

(October), intermediate (November), and wet (April)

conditions The arrows on Fig. 3 illustrate the timing of

the data acquisition campaigns relative to precipitation

between August 2002 and June 2003. Precipitation was

measured at the California Irrigation Management

Information System (CIMIS) station in Santa Rosa,

which is approximately four miles from the field site

and experiences similar precipitation rates. During

each field campaign, neutron probe logs, TDR

measurements, soil samples for gravimetric and soil

texture analysis, and GPR profiles were collected.

Surface sediment samples were also collected every

5–10 m laterally and to a depth of 0.15 m to determine

shallow soil texture and bulk density. Topography of

the study site was measured using a leveler and

surveying rod. Boreholes were augered to a depth of

3.6 m (12 ft) below ground surface and cased with

0.1 m diameter PVC. The locations of boreholes used

in this study are shown on Fig. 2. Soil samples within

the borehole (sample volume w500 cm3; sample

length 0.1 m) were collected every 0.33 m for texture

and gravimetric moisture content measurement. The

sediment texture of each borehole soil sample was

measured for weight percent sand, silt and clay, and in

some cases, weight percent gravel. The bulk density

(rd) of each borehole and surface soil sample was
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calculated from soil texture data (Saxton et al., 1986)

and varied between 1.36 and 1.71 g cmK3. Bulk

density estimates were used to convert gravimetric to

volumetric water content following (1). Where soil

samples were not available, a density of 1.5 g cmK3

was used. Each borehole was logged immediately after

drilling using a CPN 503DR neutron probe with a

vertical sampling interval of 0.1–0.2 m.

Common-offset GPR reflection profiles were

collected at a central frequency of 100 MHz using a

pulseEkko 100 during October and November of

2002, and April of 2003. Reflection profiles were

56 m long, and were collected along 8 rows, spaced

approximately 3.5 m apart, as shown in Fig. 2,

although only GPR profiles adjacent to the boreholes

are discussed in this study. GPR reflection data

collection parameters included an antenna separation

of 1 m, a sampling interval of 0.8 ns, trace spacing of

0.1 m and acquisition of 16 traces at each location

(stacks) to improve the signal to noise ratio. CMP

profiles were acquired adjacent to borehole locations

in order to compare radar velocities estimated using

common offset GPR reflection and CMP methods.

CMP profiles were collected with identical parameters

to the reflection profiles but had an initial antenna

separation of 0.6 m.

GPR data were processed using a bandpass filter

(15–30–80–240 MHz) to remove low- and high-

frequency noise, and an f–k filter (Yilmaz, 1987) to

remove steeply dipping diffraction hyperbolae tails

associated with metal vine trellises. No amplitude gain

functions were applied to the data. All datasets had

similar spectral frequency contents, indicating mini-

mal wavelet dispersion due to variable soil water

content. The airwave arrival time was picked on all

profiles, and then the airwave and groundwave events

were removed by subtracting a wavelet calculated

from the average amplitude of traces along each GPR

profile (Annan, 2002). This was necessary in order

remove the high amplitude groundwave contributions,

especially where it obscured the reflected events at

locations where the reflector is shallow. Two GPR

profiles collected during a single field campaign are

shown in Fig. 4. These show a concave upward

reflection at two-way travel times (TWTTs) relative to

the airwave arrival of between 15 and 40 ns. This

reflection was considered a good candidate for

estimation of VWC from TWTT as it is a continuous,
high amplitude reflection that displayed a consistent

geometry over time. Reflector ‘picking’ was per-

formed by considering the reflection signatures both

before and after removal of the air/groundwater events.

CMP profiles of 100 MHz were collected along

vine rows adjacent to the borehole locations during

each field campaign (Fig. 2). The CMPs were used

primarily to identify the airwave and reflection on

common offset reflection profiles (Fig. 5a). A typical

CMP gather is shown in Fig. 5b and illustrates the

linear airwave and groundwave arrivals as well as the

hyperbolic reflection arrival. CMP reflection hyper-

bolae quality was variable because the reflection was

not always horizontal (Baker, 1998) and because the

large-offset signals arrived at the limit of the signal

penetration. Typical CMP velocities were between

0.06 and 0.1 m nsK1(Fig. 6).
3.3. Petrophysical relationships

The total volumetric water content (VWCtotal) and

neutron probe counts (NP) from all boreholes were

used to calibrate the neutron probe data VWCtotal was

calculated by summing the free VWC, measured from

gravimetric analysis of borehole soil samples using

(1), and the constituent water (VWCconstit) using (2).

Boreholes augered under both wet and dry conditions

were combined in order to ensure calibration over a

rangeofsoilmoistureconditions (i.e.0.1–0.5 m3 mK3).

The scatterplot between collocated neutron probe

counts and VWCtotal measurements is shown in Fig. 7,

and the resulting calibration equation is given by

VWCtotal Z 5:41!10K5 NP K0:1079; (6)

which has a correlation coefficient (r2) of 0.79. When

estimating the free water content of the soil from

neutron probe logs, the neutron probe counts were

converted to VWCtotal using (6), and then the constitu-

ent water content was subtracted following (2) to obtain

thefreeVWC.Inourstudy,VWCrefers to thefreewater

content of the soil.

TDR measurements were collected throughout the

study area in October 2002 and February 2003, under

wet and dry conditions, respectively, using a Soil-

Moisture Trase System with two 0.15 m long probes.

The average sample volume of the TDR is a cylinder

of 750 cm3 centered on the probes. TDR data were



Fig. 4. One hundred megahertz GPR reflection profiles collected adjacent to Rows 13 and 17 (see Fig. 2) in November 2002 after removal of

airwave and groundwater events. The travel time picks of the reflection are shown by the grey line. White arrows indicate the position of the

numbered boreholes.
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collected at the same time as co-located soil samples.

GWC and soil textures were measured from the soil

samples and were used to develop a site-specific

calibration curve between k (obtained from TDR) and

VWC that could be used to estimate VWC from the

GPR reflection data as described in Section 2. The

calibration data had a higher correlation coefficient

(r2) when fit to the Herkelrath et al., (1991) equation

than the Topp et al. (1980) equation. The site-specific

calibration curve based on the Herkelrath et al. (1991)

equation was

VWC Z 0:1168
ffiffiffi
k

p
K0:19; (7)

with a correlation coefficient (r2) of 0.84. We

observed greater scatter in the wet (February) TDR

data, possibly due to water associated with ground-

cover vegetation. Although the scale-dependency of

the relationship between k and VWC has not yet been

determined, calibration equations developed using

TDR measurements collected over decimeter length
scales, have been successfully applied to VWC

estimation using GPR over larger length scales (e.g.

Weiler et al., 1998; Huisman et al., 2001; Martinez

and Byrnes, 2001; Alumbaugh et al., 2002; Grote

et al., 2003; Van Dam et al., 2003).
3.4. Estimation of average velocity using GPR

reflection method

The two way travel time (TWTT) to the reflection

was calculated by subtracting the arrival time of the

airwave from that of the reflection on the GPR profile,

as shown on Fig. 5a. The airwave and reflection peaks

(rather than troughs or zero-crossings) were used for

picking travel times as there was minimal interference

with adjacent arrivals and they could be consistently

identified. To calculate the GPR velocity (v) from the

TWTT picks, the time taken for the airwave to travel

from the transmitting to receiving antennas, which is

the antenna spacing (a) divided by the electromagnetic



Fig. 5. The common offset profile (a) shows the airwave, groundwave and reflected arrivals, and two-way travel time (TWTT) between airwave

and reflected waves used for VWC determination (white vertical arrow). GPR traces are spaced 0.1 m apart. In the CMP profile (b), the linear

arrivals (1) and (2) are the airwave and groundwave, respectively, with velocities of 0.3 and 0.1 m/ns. The airwave and groundwave are

separated by a TWTT of 6 ns at the antenna spacing used for common offset profiles in fig. a (black arrow), and become more widely separated

at larger antenna spacings. The hyperbolic arrival (3) is due to the GPR reflection annotated on fig. a.
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wave velocity in air (c), must be added to the difference

in TWTT between the airwave and reflection peak.

Also, the distance traveled by the wavefront is not

simply the depth to the reflector (d), but is a diagonal

path determined using the antenna separation distance

(Fig. 1). Following Huisman et al. (2003), the GPR

velocity (v) can be calculated from TWTT picks using:

v Z
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 C ð0:5aÞ2

p

TWTT C ða=cÞ
; (8)

The radar wave velocity obtained using (8) was

converted to dielectric permittivity using (3), and

then converted to VWC using (7).
Fig. 6. Site-specific calibration between neutron probe (NP) counts

and total volumetric water content (VWC). Data were collected

under both dry and wet conditions.
4. Estimation of VWC under steady state

moisture conditions

In the first part of this study, we obtain VWC

estimates using GPR reflection profiles that were

collected along rows adjacent to the borehole

locations (Rows 13 and 17) under steady state soil

moisture conditions (i.e. when there was very little

vertical water movement through the soil profile). To

assess the accuracy of the GPR reflection method, the
results were compared with average VWC measure-

ments from neutron probe logs in the adjacent

boreholes (Fig. 2).
4.1. Identification of GPR reflection

GPR profiles were collected under steady state

conditions in October, November, and April (Fig. 3).

Fig. 7 shows a 100 MHz GPR profile collected along



Fig. 7. October and November 2002, and April 2003 travel time picks to reflection on Row 17 GPR profile (see Fig. 3) annotated on the

November 2002 GPR reflection profile. Note that the geometry of the reflection is similar under dry and wet conditions. The travel times of the

reflection picks increase between October and April as the soil above the reflector becomes wetter.
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Row 17 in November with the TWTT of the reflection

picks in October, November and April indicated on

the same image. The reflector maintains a similar

geometry for all months: all GPR profiles reveal a

continuous, trough-shaped reflection that occurs

between 15 and 50 ns. However, the travel time

picks associated with the drier times of the year occur

earlier than those of wet times.

The depth of the reflector coincides with a peak in

VWC observed on neutron probe logs. An example of

VWC from neutron probe logs collected at different

times of the year is shown in Fig. 8. Neutron probe

logs collected in October show a general increase in

VWC from the surface to depths of 0.8–1.3 m

(indicated by black arrow on Fig. 8). Neutron probe

logs collected in November show a general decrease

in VWC near the surface and then increase to a VWC

peak at the same depths as the peaks observed on the

October neutron probe logs. Under wet conditions, the

April neutron probe logs show an increase in VWC to

a peak at the same depth as in October and November

neutron probe logs. The depth of the shallowest peak

in VWC on these logs is consistent under both dry and

wet soil moisture conditions. We interpret the

reflection seen on the GPR profiles to be caused by

the VWC peaks observed on neutron probe logs,

associated with a geological horizon.

In order to investigate the origin of the reflector,

the weight percent of gravel, sand, silt and clay

were measured in the boreholes and compiled into
vertical logs. An example of soil texture data at a

single borehole is given in Fig. 9. Although we

observed some sharp increases in clay and gravel

content and an associated decrease in sand content

with depth, these texture trends were difficult to

extrapolate between boreholes and did not occur at

the same depths as the reflector. These soil texture

logs are based on 0.1 m long sediment samples

collected in the boreholes every 0.33 m, and so soil

layers thinner than w0.15 m could not be detected.

It has been shown that a lithological surface only

0.05 m thick, such as a clay drape, can reduce the

vertical water flux and increase the VWC immedi-

ately above clay drapes (Judy et al., 1991).

However, such thin drapes are unlikely to be

detected using our soil texture logs. We collected

undisturbed soil cores through the reflecting horizon

to qualitatively assess the soil penetration resistance.

A combination of augering and vibracore drilling

(Smith, 1998) indicated the presence of a thin

(0.1 m), cohesive, clay-rich layer at the same depth

as the peak in VWC water content and the reflector.

Water infiltration tests performed in conjunction

with drilling revealed that this layer had much lower

permeability than adjacent soils. These field tests

confirmed the presence of a thin, clay-rich, low-

permeability soil layer that reduced vertical water

infiltration at our study site.

The thin, low-permeability clay layer inhibited

vertical water flow causing a high VWC above



Fig. 8. Neutron probe logs converted to VWC in Borehole 4 (see

Fig. 2 for borehole location). October and November logs are

distinctly drier than the April log. The black arrow shows the

shallow VWC peak associated with the reflector detected on the

October, November and April GPR profiles. The water table is

below the bottom of the borehole.

Fig. 9. Sediment texture logs from borehole 4.
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the clay layer and lower VWC below the clay layer

during October, November and April campaigns. The

geological horizon texture contrasts alone did not

produce a GPR reflection because it is much thinner

than the GPR wavelength, and the difference in

dielectric constant between the clay layer and

surrounding sediment is not large. However, follow-

ing (5), the change in VWC across the layer resulted

in a larger positive reflection coefficient, with greater

thickness than the geological layer, and centered at the

location of the clay layer. The decrease in VWC

across the clay layer gives rise to a peak on the GPR

reflection profiles, similar to the synthetic models of

Dai and Young (1997). The peak in VWC observed on

the neutron probe logs is at the same depth as the clay
layer, although it is somewhat smoothed due to the

large sample volume of the neutron probe relative to

the thickness of the high VWC layer.
4.2. VWC estimation at the borehole locations

Neutron probe estimates of VWC acquired from

boreholes 1–6 in October, November and April were

compared with VWC estimates from GPR profiles

collected along rows 13 and 17 at the same time The

GPR profiles along rows 13 and 17 are located 1.75 m

west of the boreholes (Fig. 2). The shallow peaks in

VWC (such as those shown on Fig. 8) were used as

estimates of the reflector depth (Table 1). The depth of

the reflector and corrected TWTT picks to the

reflector at each borehole location were subsequently

used to calculate the radar wave velocity of the soil

layer overlying the reflector following (8). The site-

specific Herkelrath Eq. (7) was then used to calculate

the depth-averaged VWC at each of the six borehole

locations, which were compared with the average

VWC estimates to the reflector obtained using neutron

probe data, and Eqs. (6) and (2). The main sources of

error in VWC estimation are due to scatter in the data



Table 1

Summary of the depths and estimates of average VWC (in m3 mK3)

in each borehole determined from the October, November and April

GPR and neutron probe (NP) datasets

Shaded data are located within the region of low vine vigor. The

overall RMS error for all three campaigns was 0.018 m3 mK3.
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used to develop Eq. (7), and the sampling intervals of

neutron probe logs and GPR data. Repeated GPR

profiles along the same vine row under identical

conditions had an RMS error in TWTT picks of

0.05 ns, indicating that TWTT estimates are highly

reproducible. Due to the neutron probe sampling

interval of 0.1 m, reflector depths are expected to be

accurate to within 0.05 m. Errors associated with

these measurements were determined using a first-

order error propagation analysis (Ang and Tang,

1975) and are included in the RMS error of VWC

estimates described below.

The October VWC estimates were compared with

the estimates of VWC derived from neutron probe

measurements (Table 1), which were arithmetically

averaged between the surface and the depth of the

reflector. Estimates of VWC from October GPR

reflection data ranged from 0.114 to 0.168 m3 mK3,

and the VWC estimates from neutron probe logs

ranged from 0.087 to 0.181 m3 mK3. The maximum

difference between neutron probe and GPR estimates

of VWC was 0.03 m3 mK3, and RMS error for the

October data was 0.018 m3 mK3.

Around 7 cm (3 in.) of rain fell immediately before

collection of the November data (Fig. 3). The

infiltration of rainwater increased the soil water
content in the top 0.5 m of the soil, as seen in

November neutron probe logs (Fig. 8), but did not

change the VWC profile in deeper parts of the soil

profile. The VWC peak that occurs at the same depth

as the reflection could still be identified on the neutron

probe logs in all boreholes. Using the same depths for

the reflector as those used with the October GPR data,

the TWTT of the November reflection was used to

calculate radar velocity following (8) and VWC

following (7). The estimates of VWC from the

November GPR reflection ranged from 0.169 to

0.237 m3 mK3 and the VWC estimated from neutron

probe logs ranged from 0.147 to 0.224 m3 mK3 (Table

1). The maximum difference between neutron probe

and GPR estimates of VWC was 0.025 m3 mK3, and

RMS error for the November data was 0.015 m3 mK3.

In April, GPR and neutron probe logs were

collected after an extended period of small amounts

of precipitation (Fig. 3). The sharp peaks in VWC

(Fig. 8) occurred at the same depths as the GPR

reflector under dry conditions. Again, we estimated

the average VWC at the borehole locations. Com-

parison of the GPR-based estimates of VWC and the

depth-averaged neutron probe estimates of VWC in

April are given in Table 1. The results show that

estimates of VWC from April GPR reflections range

from 0.290 to 0.326 m3 mK3 and the VWC estimated

from neutron probe logs ranges from 0.304 to

0.330 m3 mK3. The maximum difference between

neutron probe and GPR estimates of VWC was

0.032 m3 mK3, and RMS error for the April data was

0.019 m3 mK3. For all datasets and in all boreholes,

VWC estimates from the GPR reflection were within

G0.03 m3 mK3 of the neutron probe VWC estimates,

with a RMS error of 0.018 m3 mK3.

Error analysis of the three different GPR acqui-

sition campaigns suggests that estimation of VWC

using the GPR common offset reflection technique at

the borehole locations has similar accuracy to existing

GPR methods and, although slightly less accurate than

the neutron probe (Evett, 2000), offers the potential to

accurately estimate the spatial variability of water

content across a study area with decimeter-scale

resolution.

Spatial trends in VWC are also evident from the

GPR profiles across the study area. In October, the

VWC was largest in the central and northern parts of

the study area, and smallest at the southern end of
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the study area (Table 1 and Fig. 2). Higher VWC

values occur in locations with reduced vine vigor, as

observed by vineyard managers (Fig. 2). In April, the

largest VWC values occurred in central parts of the

study area. The corrected TWTT to the GPR reflection

also varies across the study area with similar trends

observed under dry, intermediate and wet conditions.

Fig. 10 illustrates the corrected TWTT to the

reflection based on GPR data collected across the

entire study area during the October, November and

April field campaigns. The largest TWTT to the

reflection occurs in the central area, which is also the

location of the deepest part of the reflector, the wettest

soil moisture conditions, and lowest vigor. Vine roots

are typically sensitive to the moisture variations in

approximately the upper meter of the soil column

(Jackson, 2000), and the estimates of VWC from GPR

were measured over a similar depth. This suggests

that the region of low vigor may be associated with

high moisture content in the top 1 m of the subsurface,

which is found in places where reflector is deepest.

Recent work has focused on using the GPR reflection

signatures, together with the wellbore neutron probe

data, to estimate two-dimensional depth-averaged

VWC estimates within a Bayesian framework and
Fig. 10. TWTT to the reflection across the entire study area in October, N

April, and the longest travel times are associated with the region of lowes
over the winery site to guide precision viticulture

(Hubbard and Rubin, 2004; Hubbard et al., 2004).
5. Discussion

We have presented a successful case study inves-

tigating the accuracy of common offset GPR reflection

travel time data for estimating the average volumetric

water content between the ground surface and a

reflector. VWC estimates were obtained from GPR

reflection data under dry, intermediate and saturated

soil moisture conditions, and where the reflection was

associated with a low permeability clay layer.

Our studies have found that estimates of VWC

obtained from GPR reflection travel times are

accurate to an RMS error of 0.018 m3 mK3 of neutron

probe estimates of VWC. However, the technique has

some limitations, including:
1.
ove

t vi
The method requires identification and mapping of

a reflector across the study area, which may not be

possible if there are no strong vertical contrasts in

soil texture or VWC.
2.
 Estimation of reflector depth is critical for obtain-

ing accurate estimates of VWC. Detailed borehole
mber and April. The travel time increases between October and

ne vigor, which is bounded by the solid black lines.
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information should be used to reduce uncertainty

associated with the depth of the reflector(s). The

accuracy of VWC estimates are likely to decrease

further from the borehole locations.
3.
 The local hydrologic conditions also influence the

suitability of the GPR reflection technique for

VWC estimation. In wet climates, heavy rainfall

events, which are spaced a few days apart, may

result in a transient reflector geometry.
4.
 Kowalsky et al. (2001) used 2-dimensional syn-

thetic GPR reflection profiles to show that GPR

reflection amplitudes vary considerably as a

function of soil moisture conditions. This may

make the consistent interpretation of a particular

reflection event more challenging.
5.
 Under dry conditions, reflections arrive earlier in

time on a GPR profile. Interference of airwave and

groundwave energy with reflection arrivals may

lead to poor estimates of the travel time to the

reflection, and less accurate VWC estimates.
6. Conclusions

This study has focused on assessing the utility and

accuracy of surface GPR reflection travel time for

VWC estimation under natural conditions and

throughout the growing season. Our results have

shown that the common-offset GPR reflection method

can be used to estimate the average VWC of the soil

above a reflecting event with a RMS error of

0.018 m3 mK3. This method has an accuracy that is

comparable with existing conventional methods (i.e.

neutron probe, TDR, capacitance probe), and GPR

methods. However, as GPR reflection data can be

collected rapidly over large areas in a non-invasive

manner, this approach offers potential for in situ, high

resolution estimates of VWC. Although the GPR

reflection and groundwave techniques have similar

accuracy and spatial resolution, the reflection tech-

nique is able to estimate VWC deeper in the

subsurface.

The GPR method relies on the existence of a

reflector at known depth. Selecting and verifying the

origin and depth of the reflector requires careful

attention, and requires detailed borehole information

to allow the calibration of GPR reflector depths. This
study demonstrated the accuracy of the technique

where co-located validation data were available (i.e.

at borehole locations). Our study marks the first

attempt to quantify the accuracy of common offset

GPR reflection travel time for providing estimates of

VWC in a naturally heterogeneous environment and

under variable hydrological conditions.
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